Abstract-Efficient and compact wireless power transfer (WPT) systems are proposed and designed for recharging small implantable medical devices. They use the magnetic resonance coupling scheme to transfer power over a relatively large distance. The receiver resonator coil and the load loop are designed in correspondence to size restriction of implantable devices. The dimensions of the coils are optimized and effective values of the lumped capacitors are investigated and fine-tuned for efficiency enhancement. Three design configurations of the WPT system, each consisting of two coils at the transmitter and two coils at the receiver, are designed and fabricated. The transfer efficiency is measured over different transmission distances and with different orientation angles of the receiver coils. The measurement results show good agreements with the simulations and illustrate that the proposed WPT systems exhibit nearly omnidirectional radiation performance. Furthermore, the receiver coils are implanted inside of a biological object to show the power can be transferred effectively.
INTRODUCTION
More and more efforts have been devoted to the research and development of wireless power transfer (WPT) technologies due to the increasing demands for truly wireless devices and green energy systems. One of the WPT enabling technologies is the magnetic resonance coupling. Since first reported in [1] , it has been mostly used for midrange transmission distance due to its simplicity in system design. One of its promising applications is for charging implantable medical devices (IMD) [2] [3] [4] . Currently, most commercial IMDs in the markets for examples, cardiac pacemakers, cardiac defibrillators and deep brain stimulators, utilize high-volume non-rechargeable batteries as power supply; they inevitably require surgeries to replace the batteries at the end of their life. In addition, bulky geometry and size of the batteries due to high energy capacity requirement becomes an obstacle in design of compact or micro IMDs. One of the methods proposed to overcome the problem is to charge IMDs wirelessly using inductive coupling technique [5] ; however, the inductive coupling technique can only cover a very limited transmission distance with low transfer efficiency.
In 2006, the first set of magnetically coupled resonators was presented and named 'WiTricity' [1] . It consists of four coils, two on the transmitter side and two on the receiver side. When the system is properly designed, electromagnetic energy is inductively coupled from a driver loop to the transmitter resonant coils that creates a magnetic resonance coupled then to the receiver resonant coils; the energy or power is delivered from the transmitter to the load at the receiver load loop. It has been shown that using two identical resonators to operate in the strongly coupled regime can be very efficient; however, due to small size of implantable devices, both the receiver coils and the transmitter coils have to be small; as a result, if such a design is applied, the power transfer distance will be very limited. Thus in order to improve the power transfer range, the transmitter coils have to be big enough to increase the inductance of the coils on the transmitter side and improve the Q-factor of the whole system.
In this paper, with the magnetic resonance coupling scheme, three WPT systems with different coil dimensions and lumped elements are designed; both simulation and measurement results are discussed and analyzed to derive the final design that is suitable for wireless power transfer in small medical implantable devices. Furthermore, matching circuits are removed, which greatly reduces the design complexity and the size of the receiver. The receiver of the proposed WPT system is implanted in a 4 cm thick slab of pork meat to demonstrate the effectiveness of the wireless energy transfer from the drive loop to the load loop.
SCHEMATIC OF THE PROPOSED WIRELESS POWER TRANSFER SYSTEM AND EQUIVALENT CICUIT MODEL
As shown in Figure 1 to achieve resonant coupling between the large transmitter resonator coils and the small receiver resonator coils.
As shown in Figure 1 (b), the system consists of four coils and can be modeled as a lumped RLC network using equivalent circuit theory. Theoretically, all four coils are coupled with each other, but the cross couplings are very weak and thus can be neglected. In the equivalent RLC circuit, the self-inductance of a loop is calculated as in [6] :
where µ 0 is the space permeability, a is the radius of the loop and r is the radius of the wire. For perfectly aligned coils, the mutual inductance of two parallel single-turn coils can be calculated as
where
and K(k) and E(k) are the complete elliptical integrals of the first and second kind, respectively [6] .
Considering the skin effect, the loss resistance of a loop is
where σ is the conductivity of the wire and f is the operating frequency. To achieve identical resonant frequencies for the transmitter and receivers coils, the lumped capacitors (C T x , C Rx ) shown in Figure 2 are calculated as follows: Figure 2 . The proposed WPT system using magnetic resonance coupling.
The imaginary part of the equivalent impedance of a WPT system using magnetic resonance coupling can be assumed to be zero while it operates in resonance. Therefore, the power transfer efficiency can be calculated as
DESIGN, SIMULATION AND MEASUREMENT RESULTS
Most implantable medical devices has size limitations, for instance, a typical pacemaker has a size of 44 × 59 × 7.9 mm 3 ; hence, in order to realize a practical wireless charging system for IMD, both the receiver resonator coil and the load loop should be small, and the wireless power should be transferred efficiently from the transmitter coils to the small receiver coils with reasonable transfer distances. To improve the transfer efficiency, [7] suggests the application of multi-turn coils for the receiver, whereas [8] uses the rectangular shaped receiver coil with a size of 10 cm × 5 cm. However, those designs are still too large to be applied to IMDs.
To derive a highly efficient and IMD-oriented WPT system with a size suitable for IMDs, we propose and investigated three designs. As shown in Figure 2 , each of the proposed designs consists of four singleturn loops and no matching circuits are required. The geometric sizes and design parameters for each set of WPT system are listed in Table 1 . All systems were designed to be operating at around 18.5 MHz. The designs were first simulated and analyzed with the High Frequency Structural Simulator (HFSS), and then fabricated. Due to intrinsic tolerance of the lumped capacitors, fine-tuning of the capacitors was performed to achieve the optimum transfer efficiency. Figure 3 shows the simulated and measured power transfer efficiency of design #1 with different distances d between the transmitter coils and the receiver coils. It is shown that the measured transfer efficiency are about 88%, 82%, 63%, 39% and 25% at the distance of 5 cm, 10 cm, 15 cm, 20 cm and 25 cm, respectively.
It is shown in [8] that the magnetic coupling between coils can be enhanced by making identical the transmitter and receiver coil sets. Such a strategy was applied to the second design, where the dimensions of the transmitter coils are made to the same of the receiver coils in the second design; all four coils now have a radius of 5 cm. As shown in Figure 4 , the measured efficiency at the distance of 10 cm, 15 cm, and 20 cm are about 73%, 24%, and 6% respectively. The capacitances of C T x and C Rx are 360 pF and 360 pF, respectively.
To develop an IMD-oriented WPT system, the third design was carried out with further reduction of the dimensions of the receiver coils. In it, the radius of the resonator coil and the load coil at the receiver side is reduced to 2.5 cm, which is comparable to the crosssectional dimension of a commercial pacemaker; the compensation capacitors C T x and C Rx are selected to be 360 pF and 652 pF, respectively. Figure 5 plots the S 21 parameters of design #3 at a transfer distance of 10 cm, where the results computed from equivalent circuit model are included for comparison. The RLC values of the design are calculated with Equations (1)- (5) and deployed in the The overall performance of the design #3 when it is implanted into tissues is also investigated. Figure 6 shows the configuration of the simulation setup, where the receiver coil set is embedded inside a stratified medium consisting of skin, fat and muscle layers of different thickness, and placed 10 cm away from transmitter coil set. Table 2 shows the thickness, mass density and electrical properties of different human tissues layers that are used in the full-wave simulation to evaluate the power transfer efficiency of design #3. Figure 7 shows the power transfer efficiency of design #3 at a transmission distance of 10 cm, before and after the receiver was placed into human tissues. As clearly seen, the transfer efficiency of the design reaches to 53% when it operates in the air and still retains higher than 43% after the implantation. in Figure 9 , the measured transfer efficiency at the distance of 8 cm, 10 cm, and 15 cm are about 61%, 53%, and 8% respectively; and there is only small decrease in transfer efficiency when the receiver coils were implanted in the pork meat. Next, the performance of the third design with the receiver coils moving around the transmitter coils was also measured. Figure 10 shows the transfer efficiency at a distance of 8 cm with varying orientation offset angles between the receiver coils and transmitter coils. As clearly seen, the power efficiency retains to be higher than 56% even when the receiver coils is moved up to 60 degrees off the axis of the coils on the transmitter sides. This indicates the nearly omnidirectional performance of the proposed WPT system. 
CONCLUSION
In this paper, three wireless power transfer designs using magnetic resonance coupling are studied with different sizes of transmitter and receiver coils. With the radius of receiver coils reduced to 2.5 cm while the transfer efficiency retains higher than 50% in a relatively large transfer distance range, the proposed system can be applied to small implantable medical devices, such as pacemakers. Experimental results with the biological objects validated the effectiveness of proposed wireless power transfer system when implanted. Future work will include improvement of the transfer efficiency, investigation of the specific absorption rate (SAR) in the human body, and implementation of proposed designs to practical IMDs such as pacemakers.
